The International Geomagnetic Reference Field (IGRF) is an internationally agreed global spherical harmonic model of the Earth's magnetic field of internal origin. It is currently computed every five years in the form of a model describing this field up to degree 13 at a reference epoch, plus a secular variation model up to degree 8, best estimating the linear evolution of this field over the following five years. Such a simple description of the field evolution is thought to provide a good enough prediction of the field, both for navigational and internationally agreed reference purposes (the very purpose of IGRF models). In particular, it assumes that any change in the field described by spherical harmonic degrees between 9 and 13 may be neglected over five years, given the uncertainties already involved in the determination of all other coefficients, and the practical accuracy needed for most IGRF applications. Recent progress in global field modelling based on increasingly accurate and numerous satellite data however show that all field coefficients can now be computed with much higher accuracy than possible in the past, and that higher degree secular variation coefficients could therefore also be considered for inclusion in IGRF models. The present short note intends to investigate the potential benefit of extending the IGRF predictive secular variation model to degrees higher than 8, given our current knowledge of the way the field behaves over time periods of five years.
Introduction
The International Geomagnetic Reference Field (IGRF) is a reference mathematical model of the Earth's main magnetic field, presented in terms of Gauss coefficients up to degree and order 13 and their predictive first time derivatives up to degree and order 8 for the upcoming five years. It is released by the International Association of Geomagnetism and Aeronomy (IAGA) and results from the collaboration effort between magnetic field modellers and the institutes that collect and make magnetic field data available. Its recent release, IGRF-11 (Finlay et al., 2010) comprises retrospectively-produced models for previous epochs from 1900 to 2005 (definitive 1945-2005) , an estimate of the main field in 2010 up to spherical harmonic (SH) degree and order 13 and a predictive secular variation up to SH degree and order 8 with predictive value until 2015. Thus, the predictive secular variation does not include the smaller-scale evolution of the field between degrees 9 and 13.
By construction, the IGRF model is defined as a weighted average of candidate models submitted for evaluation by various teams (Finlay et al., 2010) . There is no agreement on how to derive the optimum secular variation model and IGRF candidates generally follow rather different methodologies. Classically, the secular variation computed as the Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. doi:10.5047/eps.2010.07.005 average of the main field time derivative over the previous five years is considered to approximate well the secular variation over the next five years (Beggan and Whaler, 2010) . More instantaneous estimates may nevertheless be proposed. They are obtained from finite difference of data extrapolated at different future epochs , from time-varying models extrapolated to the epoch of the main field IGRF model (e.g., Maus et al., 2010; Olsen et al., 2010; Thébault et al., 2010) or to future epochs (Lesur et al., 2010) . In this short note however, we focus on the interest of computing predictive secular variation models as the average rate of change of the main field over the previous five years as given by retrospective models.
Recent field models such as POMME-3.0 (Maus et al., 2006) , CHAOS (Olsen et al., 2006) , xCHAOS (Olsen and Mandea, 2008) , GRIMM (Lesur et al., 2008) or CHAOS-2 (Olsen et al., 2009) , consider an instantaneous internal field up to SH degree 13 or higher and a temporal expansion of the Gauss coefficients made in terms of some set of functions (degree 2 polynomials for POMME-3.0, cubic Bsplines for CHAOS and xCHAOS, order 5 B-splines for GRIMM and CHAOS-2). As a result, these models also consider an instantaneous secular variation up to at least degree 13 and a second time derivative considered robust up to degree 5 or 6. The availability of these high quality retrospective field models provides the basis and stimulus for extending the limits of any operational model such as IGRF towards more spatially accurate short-term predictions.
Here we thus consider the potential benefits of improving IGRF's predictive power by increasing the SH degree of its predictive secular variation. We will show that these high degree coefficients correlate reasonably well over time, are quite well determined and have potential predictive value over the five years validity period of IGRF.
Correlation between Average Secular Variation Estimates from Published Models
We first briefly assess the extent to which average secular variation models computed over some period of time before a reference epoch correlate with an average secular variation computed over 5 years after this reference epoch. For that purpose, we make use of the CM4 model of Sabaka et al. (2004) over the time period going from 1980 to 1999, and of the CHAOS-2 model of Olsen et al. (2009) over the time period going from 1999 to 2009 (more specifically, its smooth version CHAOS-2s), and compute the following mean secular variations:
SV1 the mean secular variation between 1980 and 1999, by taking the difference between the field at 1980 and 1999 from CM4; SV2 the mean secular variation between 1994 and 1999, by taking the difference between the field at 1994 and 1999, again from CM4; SV3 the mean secular variation between 1999 and 2004, still computed in the same way but from CHAOS-2s; SV4 the mean secular variation between 2004 and 2009, again computed from CHAOS-2s;
We next define the degree-by-degree correlation of two magnetic field models over the surface of a sphere as a function of the Gauss coefficients of their expansion in terms of SH. For each degree we have (e.g. Langel and Hinze, 1998, section 4.5. 2):
where (1) and (2) specify the model from which the Gauss coefficients are taken and g m n for negative m are given by g m n = h |m| n . The correlation C n between secular variation models can be computed in the same way by just replacing the Gauss coefficients g m n by their first time derivativesġ m n where we adopted the "dot" notation for time derivatives. We shall consider a correlation to be good for all values over 0.8. We first consider 1999 as our reference epoch, and compute the per degree correlation between either of the two average SV1 (1980 ( -1999 ( ) and SV2 (1994 ( -1999 secular variation models computed from CM4, and the average SV3 (1999) (2000) (2001) (2002) (2003) (2004) secular variation model computed from CHAOS-2s ( Fig. 1 ).
This first calculation shows that a better correlation is achieved when considering an average secular variation computed over a five year time period (SV2) before the reference epoch, than when considering an average secu- lar variation computed over a significantly longer time period (SV1). This is particularly true for the largest degrees which, as noted by one of the reviewers, can be related to the fact that higher degrees involve shorter time-scales (e.g. Hulot and Le Mouël, 1994) . To confirm this first result, we also computed the per degree correlation between SV3 (1999) (2000) (2001) (2002) (2003) (2004) and SV4 (2004 SV4 ( -2009 ), both computed from CHAOS-2s, now considering 2004 as the reference epoch ( Fig. 1) . Again, and as expected, SV3 and SV4 appear to correlate very well. The two SV2/SV3 and SV3/SV4 set of correlations shown in Fig. 1 are however well worth commenting a little further, as they not only provide information about the secular variation itself, but also strongly reflect the regularisation being used in the parent models CM4 and particularly CHAOS-2s. Whereas those two correlation sets roughly provide the same results up to degree 6, the seemingly remarkable correlations between SV3 and SV4 from degree 7 to 13, indeed simply reflect the fact that both SV3 and SV4 are derived from the same CHAOS-2s model, and that the time variations in this model are strongly regularised beyond degree 7. The corresponding degrees of the secular acceleration over the 1999-2009 time period are indeed severely damped (see figure 3 in Olsen et al. (2009) ) and, as a result, SV3 and SV4 are artificially forced to be close to identical for those degrees. A similar effect is likely to also affect CM4, and we must therefore be careful in drawing conclusions from Fig. 1 . But an interesting message can still be inferred from the SV2/SV3 set of correlations. These secular variation models were computed from CM4 (SV2) and CHAOS-2s (SV3) which were built from essentially different data sets using different modelling methodologies. Even if the two data sets do slightly overlap over a 4.5 years period about the reference epoch 1999 (CM4 relies on data covering the 1960-2002.5 time period, whereas CHAOS-2s relies on data covering 1997-2009.5) they can be considered as essentially independent. The fact that the five year average secular variation models before (SV2) and after (SV3) the 1999 reference epoch show a correlation su-perior to 0.8 up to degree 10 can then be taken as a first indication that not only degrees 1 to 8 but also degrees 9 and 10 of a secular variation model computed over a period of 5 years could have some useful predictive power.
Comparison between Main Field Forecasts
A more direct way of testing the potential benefit of using degrees higher than 8 in IGRF secular variation models, is to simply compare the predicted field five years after the considered reference epoch, with a model directly supposed to properly reflect the field at that epoch. For that purpose, we extrapolated the 1999 (t 0 ) main field of CHAOS-2s to 2004 (t) by making use of a fraction of either SV1 and SV2 through the expression:
where g * m n (t) stands for the Gauss coefficients of the predicted field in 2004, g m n (t 0 ) for those of CHAOS-2s in 1999, g m n for those of either SV1 or SV2, c is a constant between 0 and 1 and δt = t − t 0 = 5 years. The constant c was introduced in order to also measure the consequences of only considering a fraction, rather than all, of the mean secular variation to better assess its usefulness for the purpose of extrapolating the field over the next five years. Setting c = 0 then is the same as having no secular variation acting during the given 5 year period.
We then compared those predictions of the 2004 main field with the values directly provided by CHAOS-2s for that epoch. The r.m.s. misfit associated with those predictions is defined by:
where g m n (t) stands for the Gauss coefficients provided by CHAOS-2s in 2004.
Then, for each degree n, the improvement brought by assuming some steady secular variation acting on the field during the δt = 5 year period between t 0 = 2004 and t = 2009, relatively to assuming no secular variation can be written as:
Having a 100% relative improvement then means that, by making use of the given secular variation, we properly predicted the field at the end of the epoch. By contrast, a relative improvement of 0% means that the secular variation was of no use.
This relative improvement, for the Gauss coefficients taken at the Earth's surface, is plotted in Fig. 2 when using SV1, and in Fig. 3 when using SV2, where each line corresponds to a different value of c. It is interesting to see that even SV1 which, we recall, is the mean secular variation of CM4 between 1980 and 1999, produces some improvement in the prediction of all degrees, including those above 8.
Much more interesting, however, is the result obtained when considering SV2 (Fig. 3) , which now suggests a strong benefit of using this model up to degree 12. Degrees 9 and 10 are now particularly interesting as they show a relative improvement well above 60%, comparable to that for degrees up to 8 and in fact higher than for degrees 3 and 7. Again, this suggests that considering a predictive secular variation up to at least degrees 9 and 10 constitutes a real improvement when comparing to the present static field approach of IGRF. Infact, Fig. 3 again suggests that considering degrees 11 and 12 is also of some potential benefit, although the relative improvement in the misfit is clearly inferior.
Finally, note that, as we in fact also checked, carrying out a similar calculation with SV3, and using 2004 and 2009 from CHAOS-2s as initial and final reference field models, does not bring any useful additional information, as SV3 is also directly inferred from CHAOS-2s, leading the results to mainly reflect the temporal regularisation used in CHAOS-2s, which we already discussed in the previous section.
Testing Predictions from a Degree 13 Extended-IGRF-10 Secular Variation Model against a Fully Independent Model
There are two main limitations to the tests considered so far. First, all tested secular variation models were derived from parent models in a way that is not necessarily representative of the way IGRF secular variation models are constructed. Second, all comparisons were made with control models (be it SV3, SV4 or CHAOS-2s for epoch 2004), that are not fully independent from the tested secular variation models. In particular, because CHAOS-2s was built from data covering the 1997-2009.5 time period, with some amount of temporal regularisation, it may rightly be objected that its estimate of the 2004 field may be favourably biased towards the prediction inferred from SV1 and SV2, both based on CM4, which considered data up to 2002.5. In order to complement the tests already reported, we therefore decided to perform a final set of tests that avoid those limitations.
We first produced an extended version of the IGRF-10 ( Maus et al., 2005) predictive secular variation model using the same kind of methodology as the one used for the published version, but extended up to degree 13. This model we refer to as EIGRF. It was constructed with the help of models Ørsted(09d/04) and Ørsted(09g/04) of Olsen et al. (2005) and POMME-3.0 of Maus et al. (2006) , all of which contributed to IGRF-10 or came directly from IGRF-10 parent models and are freely available. The coefficients of EIGRF, which are secular variation coefficients, we recall, were computed as the simple average of the mean secular variation between epoch 2000 and epoch 2005 of the N = 3 above-mentioned models. That is:
where i iterates over the N = 3 models. Figure 4 shows the power spectrum (Lowes, 1974) of this new secular variation model at the Earth's surface, together with that of the published IGRF-10 predictive secular variation model and of the difference between the two. We can see that for SH degree 8 and below our EIGRF secular variation model is very similar to that of IGRF-10. It thus seems reasonable to assume that this EIGRF model is representative of the predictive secular variation that would have been published as IGRF-10, had the request been made that it should extend to degree 13.
To test and compare the predictive power of both IGRF-10 and EIGRF, we next derived a magnetic field model, similar in construction to the POMME-3.0 model (Maus et al., 2006) and to the POMME-5 model (which can be found at http://geomag.org/models/pomme5. Table 1 ). The external field parametrisation and coefficients are identical to those used for POMME-3.0. At low latitudes, only satellite tracks ver- Fig. 4 . Power spectra of the degree 8 IGRF-10 predictive secular variation model (solid) and of the degree 13 EIGRF secular variation model (dashes). Also shown (dots) is the power spectrum of the difference between these two models. All spectra are plotted at Earth's surface. ified as being undisturbed by ionospheric plasma irregularities were used and the input data were corrected for the magnetic signal of ocean tidal induction. By construction, this model is thus completely independent of IGRF-10 and EIGRF. For that reason, it can be considered as a satisfying model of the field for comparisons with IGRF-10 and EIGRF based field forecasts throughout its period of validity. It is instructive to first investigate how the predictive EIGRF secular variation model compares with the secular variation of POMME5-post05 between 2005 and 2009. This is shown in Fig. 5 in the form of per degree correlations at each year of that time interval. The highest correlations are obtained when comparing the EIGRF secular variation with the POMME5-post05 secular variation in 2005 up to and including SH degree 9. The correlation progressively decreases (roughly by the same amount for all degrees between 5 and 9) when considering more recent epochs. By 2009, correlations for degrees between 5 and 10 are very similar and it is very encouraging to see that correlations for even higher degrees are still quite significant. They are even somewhat more significant than when we compared SV2 and SV3 in Fig. 1 .
Epoch 2009 is particularly interesting as it is near the limit of validity of the IGRF's predictions and allows us to test, not only the predictive power of IGRF's secular variation but also that of EIGRF. Direct comparison between the predictive EIGRF secular variation model and the secular variation of POMME5-post05 in 2009 can be made by plotting the power spectrum of the difference between them, and comparing it to the power spectrum of the latter. This is shown in Fig. 6 , where the power spectrum of the difference between the published IGRF-10 predictive secular variation model and the POMME5-post05 2009 secular variation model is also shown. We can see that EIGRF provides an estimate of the 2009 secular variation that is as good as the one provided by IGRF-10 up to degree 8. Furthermore, the relative misfit between EIGRF and the POMME5-post05 2009 secular variation remains constant for degrees 9 and 10. The approximation is clearly not as good for degree 11 and the errors seem to dominate degrees 12 and 13. These results again strongly suggest that the high degrees of the secular variation (at least for degrees 9 and 10), computed as a mean over the preceding 5 year period, were sufficiently well resolved and correlated with the true secular variation to already have been included in IGRF-10.
Finally, we compared two predictions of the field at 2009 with the field as given by POMME5-post05 at that epoch. Both predictions were made using Eq. (2) with δt = 4 years and c = 1 where g m n (t 0 ) now stands for the 2005 IGRF-10 field coefficients andġ m n for the secular variation model coefficients given by either IGRF-10 up to degree 8 (first prediction) or EIGRF up to degree 13 (second prediction). The relative improvement (as defined by Eq. (3) and (4) where g m n (t) now stands for the POMME5-post05 model coefficients in 2009) associated with these two predictions when compared to the POMME5-post05 main field in 2009 are plotted in Fig. 7 . This figure, analogous to Figs. 2 and 3 is again encouraging. It indeed now shows that the benefit of considering secular variation degrees above 8 over that period of time, is the same in relative terms as the benefit of considering the IGRF-mandatory secular variation degrees 1 to 8, not only for degrees 9 and 10, but also for degrees 11 and 12. Only degree 13 fails to bring any improvement, a result consistent with those of Fig. 6 .
Conclusion
The present study clearly suggests that considering degrees above 8 for inclusion in an IGRF type of predictive secular variation model could be of potential use, provided such a model is based on an estimate of the past secular variation over a short enough period of time, typically 5 years, as is usually the case for standard IGRF predictive secular variation models. This benefit is best expressed in relative terms per degree of the field it would predict (Fig. 7) , in which case each degree up to degree 12 appears to bring as much benefit as degrees up to 8, already included in standard IGRF predictive secular variation models.
Our results also suggest that, at least over the time period 2005-2009 we considered, degrees 9 and 10 of such an extended IGRF predictive secular variation would correlate with secular variation models computed a posteriori from independent data, just as well as degrees 5 to 8 (Figs. 1 and 5) .
From these results we conclude that at least degrees 9 and 10, if not also degrees 11 and 12, of an IGRF type of predictive secular variation model, would have as good a predictive power as the first eight degrees already included in standard IGRF predictive secular variation models. From this perspective, we thus see no objective reasons to restrict this model to degree 8 rather than degree 10 or even degree 12.
It is nevertheless important to recognise that the improvement brought by the inclusion of higher degrees in IGRF predictive secular variation models would mainly be in relative terms per degree of the field, and would not compensate for the absolute errors entailed by the uncertainties with which this secular variation can be constructed up to degree 8. The total power accounted for by degrees above 8 is indeed small when compared to the errors associated to the lower degrees (recall Fig. 4 ). But we also note that even in absolute terms, errors associated with neglecting degrees 9 and 10 in an IGRF predictive secular SV would still be larger than the error produced by the uncertainties associated with degrees 7 and 8 already included in such models (again, recall Fig. 4 ). This, we believe, again pleads in favour of at least including degrees 9 and 10 in the construction of forthcoming IGRF predictive secular variation models.
It is finally important to keep in mind that all of the results derived above rely on the availability of high-quality data provided by on-going satellite missions. Should such satellite data suddenly fail to be available for some significant fraction of the five years time between two successive IGRF models, the situation would clearly be different. From this perspective, keeping the maximum degree of IGRF predictive secular variation models to its present value would definitely avoid having to adjust this degree to the quality of the available data every time a new IGRF model is to be produced. This concern is a significant practical one, given the operational purpose of IGRF models. But it is not one based on scientific grounds. In fact, it is well worth noting that a similar issue would anyway also affect the maximum degree of the IGRF main field, currently set to degree 13, but which used to be set to degree 10 before continuous magnetic measurements from space became available. Since the continuous (or possibly near-continuous, in case of a slight delay) availability of such measurements, with improved quality, should be ensured with the soon to be launched Swarm mission (Friis-Christensen et al., 2006 , it is our opinion that increasing the maximum degree of the IGRF predictive secular variation model to take advantage of the benefit it would bring should seriously be considered, especially if the retrospective analysis of the next IGRF-11 set of models confirms that the provision of non-zero secular variation coefficients would have resulted in an improved prediction all the way up to degree 12 or even 13.
